Purpose To quantify blastocyst morphologic parameters with a feasible and standardized tool, investigating their predictive value on implantation outcome. Method The study retrospectively analyzes 124 blastocysts from 75 patients. Quantitative measurements of blastocyst expansion, inner cell mass and trophoectoderm were taken using digital image analysis software. Result(s) Blastocysts areas were found to be ranging from 11626.2 up to 35076.4 μm 2 . The area of an early blastocyst is A≤18500 μm 2 with a mean diameter d=140±9 μm, and the area of an expanded blastocyst is A≥24000 with d=190 ±9 μm. While blastocyst mean area was not related to implantation rate, more expanded blastocysts displayed a significantly higher implantation rate. Trophoectoderm cell number is a predictor of positive outcome: since a higher of cells (25.6±11.3 vs 16.3±12.8)`forming a tightly knit epithelium is prognostic of implantation potential. Conversely, inner cell mass size is significantly related to implantation only in expanded blastocysts (3122.7±739.0 vs. 2978.1±366.0 μm 2 ). Conclusion(s) Evaluation of blastocyst morphology with a digital image system could be a valuable tool to standardize blastocyst grading based on quantitative parameters. Therefore, digital analysis may be helpful in identifying the best blastocyst to transfer.
Introduction
Elective single-embryo transfer (eSET) is the only effective strategy to decrease multiple pregnancies after assisted reproduction [1] and in the last years researchers efforts have been directed towards developing reliable methods to choose the most viable embryo to transfer. Prolonged blastocyst culture assists the embryologist in the selection process. It has been reported that aneuploidy typically affects more than 50 % of blastocysts [2] . These abnormalities are a cause of early arrest of many developing embryos: therefore, cultivating embryos for a longer period may increase the chance of having chromosomally normal embryos [3] . In fact, it is believed that certain types of aneuploidies [2] or inappropriate expression of embryonic genome occurring from the 4-8 cell stage onwards [4] prevent development to blastocyst stage in a large portion of embryos. Moreover, extending embryo culture to the blastocyst stage and delaying transfer improves uterine and embryonic synchronicity; in fact, blastocyst transfer appears to provide higher implantation and live birth rates compared to cleavage stage embryos [5] [6] [7] [8] . Though in the past few years powerful technologies have been introduced in the IVF field to improve embryo implantation potential, as Preimplantation Genetic Screening (PGS) or time-lapse technology [9, 10] , a thorough blastocyst morphology evaluation is still necessary in those cases in which multiple day five embryos are available to transfer or when these sophisticated and expensive techniques are not available in the practical clinic.
Capsule Blastocyst quantitative measurements are a useful tool to standardize morphological grading and highly indicative of embryo implantation potential.
Embryo evaluation based on morphological visual information obtained by the embryologist is subjected to inter and intra-observer variability [11] . Traditionally, blastocyst evaluation is based on morphological analysis. In 2011 the Istanbul consensus workshop on embryo assessment [12, 13] proposed an international consensus on embryo morphology assessment. The most widely used grading system is that of Gardner and Schoolcraft [5] , based on the assessment of three parameters: blastocoele expansion and hatching status, size and compactness of the inner cell mass (ICM), and the cohesiveness and number of trophectoderm (TE) cells. Furthermore, this light microscopy observation requires limited time for blastocyst analysis so as not to compromise its quality. Even if continuous monitoring of human embryos is performed with time-lapse incubators, only timing of cleavage is considered and morphology isn't a parameter of the compare/selection algorithm. Therefore, it would be desirable to find an objective and standardized method to assess blastocyst morphology in detail.
While automated image analysis of cleavage stage human embryos (Day 1 to 3 post-fertilization) has been the subject of several studies investigating cleavage stage embryos parameters as cell number, symmetry, multinucleation, fragmentation [14] [15] [16] [17] [18] , few attempts at semi-automatic objective evaluation of the rather complex blastocyst structure have previously been made [19, 20] .
Over the years, various quantitative but mostly qualitative analyses have been made to determine the impact of each blastocyst parameter on IVF outcome [21] [22] [23] [24] [25] [26] [27] . A detailed study was performed by Richter and colleagues in 2001 [28] . They analysed quantitatively the three major parameters of blastocyst morphology i.e. expansion, ICM size and shape and TE cell number and correlated their measurements to the implantation rate concluding that ICM only correlates to blastocyst viability; more recently Ahlstrom and colleagues suggested that the quality of TE morphology may be predictive of life birth [21] . Unfortunately, due to transfers of multiple blastocysts with heterogeneous features, the effect of morphology on implantation is still ambiguous. Based on these considerations our study aims to quantitatively determine blastocyst parameters (expansion, TE and ICM) with a digital image system and correlate them with implantation rate as a tool for an objective non-invasive embryo morphology selection.
Materials & methods

Patients
A retrospective morphometric analysis of blastocysts was undertaken in 75 patients (mean age 36.2±3.6) who received a fresh autologous blastocyst transfer at our clinic, from June 2010 to April 2012. In order to precisely assess the implantation fate of each transferred embryo, this study included only patients who received a single embryo transfer (SET) or double embryo transfer (DET) with 0 or 100 % implantation, both elective and non-elective transfers. There were no exclusion criteria based on patients characteristics.
Seventyfive transfers met inclusion criteria: 27 patients received a SET and 48 a DET. Morphometric data from 124 blastocysts were included in the study according to the 0-100 % implantation rule. Thirty blastocysts ended up in implantation and twenty led to born babies.
Ovarian stimulation protocol, embryo culture and transfer
Controlled ovarian stimulation was induced using an agonist (Enantone, Takeda, Rome, Italy) or an antagonist (Cetrotide, Serono, Rome, Italy; or Orgalutran, Organon, Rome, Italy) and recombinant or urinary follicle-stimulating hormone (FSH) (Gonal-F, Serono, Rome, Italy; or Meropur, Ferring, Milan, Italy). A dose of 10,000 IU human chorionic gonadotrophin (hCG) (Gonasi, Amsa, Rome, Italy) or one ampoule of recombinant hCG (r-hCG; Ovitrelle, Serono, Rome, Italy) was administered when one or more follicles reached a maximum diameter of >23 mm. [29] . Oocyte collection was performed transvaginally, under ultrasound guidance, 36 h after hCG injection. Retrieved oocytes were rinsed and placed in Sydney IVF Fertilization Medium (Cook IVF, Brisbane, Australia) at 37°C, 6 % CO 2 , 5 % O 2 e 89 % N 2 for at least 4 h. Fertilization was achieved by IVF or intracytoplasmic sperm injection (ICSI), following standard techniques. At 16-18 h after insemination (Day 1), normal fertilization was checked by the presence of two pronuclei and zygotes were placed into droplets of fresh Sidney IVF Cleavage Medium (Cook IVF, Brisbane, Australia). Day 3 embryos were transferred into Sydney IVF Blastocyst Medium (Cook IVF, Brisbane, Australia) and cultured until day 5. Embryo transfers were performed on day 5 and supernumerary blastocysts were cryopreserved using a vitrification protocol. Blastocysts were evaluated at 116±1 h after insemination and selection for transfer was performed according to modified Gardner and Schoolcraft grading system by Cornell's group [30] . In this new model a blastocyst is defined as having a blastocoel filling greater than half the volume of the embryo and should possess cells that suggest the formation of ICM, while embryos with blastocoels smaller than half the volume are considered to be cavitating morulas. This means that Score 3 from Gardner's system is equal to Score 1 from Cornell's grading. Blastocysts with slightly thinner zona pellucida due to growing of the embryo are graded with Score 2 and Score 3 is given to fully expanded blastocysts with thin zona. As Cornell's system, there are four alphabetical grades (A-D) for ICM and four for TE, where D is the score for degenerative ICM or TE.
Digital image analysis and study outcomes
Digital images of blastocysts were taken using a Nikon optical microscope with Hoffmann modulation contrast at the same magnification of 200×. Each blastocyst was photographed in a sequence of at least 4 images on different focal planes by Pinnacle program. Pictures were analysed using the ImageJ program (http://rsbweb.nih.gov/ij/) after calibration with a graduated ruler.
For each blastocyst, the following final measurements were carried out: blastocyst internal area, ICM area, trophoectoderm cells number.
Blastocyst internal area, not including the zona pellucida, was calculated in the maximal cross-sectional image and was recorded together with ICM area. Blastocyst volume was calculated from internal area as V=4/3*√ (A 3 /π) and the V/V min ratio between blastocyst volume (V) and the volume of the smallest blastocyst of the study group (V min ), was calculated. Additionally, to evaluate TE cell number we hypothesized that the layer was composed of similar-sized cells. According to this model we measured a single TE cell area calculating the blastocyst/TE cell area ratio to obtain TE cell number. The relationship of these parameters with embryo implantation potential was analyzed; Implantation Rate is defined as the number of gestational sacs per transferred embryo (Fig. 1) .
Statistical analysis
All statistical analysis were performed by using Sigmaplot v11.0 (Systat Software). Values are expressed as the mean± standard deviation (SD). Group variance was analyzed by ANOVA followed by Tukey-Kramer test for comparison between multiple groups. Chi-square test was used for percentages and Student's t-test for means. Differences were considered significant when the P-value was ≤0.05.
Results
Blastocyst expansion
The morphometric measurements revealed that the mean area of this blastocysts study group was 21105.0 ± 5747.0 μm 2 ranging from 11626.2 up to 35076.4 μm 2 . To evaluate the correlation between blastocyst area and implantation potential we compared the mean area of blastocyst that implanted with that did not but this difference wasn't statistically significant (22702.4 ± 5658.7 vs 20595.2±5710.6 μm 2 ; p=0.08). According to the modified Gardner score system [30] based on three blastocyst expansion categories, we divided our blastocysts in 3 groups on the basis of their volume and calculated the V/V min ratio where V and V min are the volume of each blastocyst and the smallest one, respectively.
We found that the V/V min ratio ranged from 1 to 5.24, i.e. the most expanded blastocyst of the study was 5.24 fold the volume of an early blastocyst. A1 group includes blastocysts with V/Vmin≤2, i.e. blastocysts whose volume doubled that of an early blastocyst. In A2 group the blastocyst volume is 2 up to 3 fold an early blastocyst, and in A3 group the volume is 3 fold an early blastocyst (Fig. 2) . When implanting blastocysts areas were compared within the groups, differences in implantation rate were also not found.
Nonetheless when IR comparison was performed between the three categories, expansion parameter was predictive of implantation potential.
This analyses let us characterize the area of an early blastocyst as A 1 ≤18500 μm 2 with a mean diameter d=140±9 μm, and the area of an expanded blastocyst as A3≥24000 μm 2 with d=190±9 μm (Table 1) .
Of the 124 analysed blastocysts, 37.9 % fell in the A1 group, 30.6 % in the A2 and 31.5 % in the A3 group. The percentage of blastocysts that implanted in the three categories was 12.5 % (6/48), 29.7 % (11/37) and 33.3 % (13/ 39) respectively. A1 blastocysts implantation rate was statistically lower than A2 (IR=12.5 vs 29.7 %, p=0.04) and A3 blastocysts (IR=12.5 vs. 33.3 %, p=0.02) ( Table 2) .
To further investigate blastocyst expansion parameter, we analysed the relationship between blastocyst area, implantation and patient age. As previously demonstrated [22] , the proportion of early blastocysts increased with patient age (Table 3) (Table 3) .
Inner cell mass (ICM)
Inner cell mass was measured to find a possible correlation between its area and blastocyst implantation potential. Only visible ICMs were measured and those not detectable were considered as null value and not included in the mean. A total of 18 blastocysts hadn't an observable ICM (14.6 %), 77.8 % of which were Area 1 blastocysts. Only one blastocyst without a distinguishable ICM implanted (5.5 %), but ended up in miscarriage.
Mean A ICM values were not statistically different in the three expansion categories (ranging from 2180.4±1816.8 μm 2 in A1 to 3460.1±1433.3 μm 2 in A3 blastocysts) and the ICM area alone did not show to be informative in predicting the implantation potential as no statistically significant difference was found between mean A ICM of blastocysts which implanted and those which did not (3333.4 ± 1241.3 vs 3280.7 ± 1172.3 μm 2 ). However when A ICM was related to expansion, it showed a positive correlation with implantation in A3 blastocysts. Hence we can conclude that fully expanded blastocysts Fig. 2 Representative images of calculated blastocyst categories: A1 blastocyst: early blastocyst (blastocoel filling greater than half of the volume of the conceptus), but without overall increase in size more than half as compared to earlier stages. It should possess cells that suggest the formation of an inner cell mass. A2 blastocyst: a true blastocyst with slight expansion in overall size and some thinning of the zona pellucida. A3 blastocyst: full blastocyst with overall fully enlarged and a very thin zona pellucida (Fig. 3a) .
Trophectoderm (TE)
To perform a quantitative evaluation, total internal blastocyst area was divided by a single epithelial cell area. The theoretical TE cell number in the maximal cross-section was determined.
As for ICM evaluation, a value of 0 was assigned when TE cells were undetectable or degenerated. In this study, blastocysts with no distinct TE were 28 (22.8 %), with 22 A1 blastocysts. Only one of them gave an implant (3.6 %), followed by miscarriage. The analysis of blastocysts which implanted and those which did not, showed that, unlike ICM area, the overall TE cell number is higher in the implantation group (25.6±11.3 vs 16.3±12.8; p=0.005). When TE cell number was analysed taking into consideration the different expansion categories a significant difference was found in the A3 category (31.9±12.5 vs 26.2±10.7; p=0.04) (Fig. 3b) .
Discussion
In recent years, the development of more physiological culture media and advances in laboratory practices have increased the routine use of human blastocyst cultures thus making it possible to choose the best single embryo to transfer. Currently, blastocyst evaluation relies on morphological system based on subjective observations. Quantitative analysis of embryo morphology could limit possible operator-dependent variability [11] . Actually, there is paucity of publications concerning automatic image analysis of human embryos [9, 10, 15] , particularly at the blastocyst stage [17] [18] [19] . Hence the aim of our study was to establish a feasible and routinely applicable morphometric system to choose the most viable embryo to transfer. The first parameter measured in this study was the internal blastocyst expansion. Zona pellucida thickness (ZPT) is a highly variable embryo characteristic, affected by various factors such as maternal age, cause of infertility and ovarian hormonal stimulation [30, 31] . Therefore, we only measured the internal blastocyst area. Our results showed that the mean area of blastocysts that did implant and those that did not wasn't statistically significant, in agreement with previous papers [28] suggesting that blastocysts of similar area have the same implantation potential. Since it has been largely documented in the literature that implantation potential depends on blastocyst expansion [27, 29] , we divided our blastocysts in 3 groups according to their volume. We found that these 3 groups closely reflect the empiric score system established by Cornell [30] and based on the most efficient visual grading system by Gardner & Schoolcraft [5] . An early blastocyst, A1 group, was an initial stage of blastocyst development with A≤18500 μm 2 ; A2 was an intermediate category whose volume doubles that of an early blastocyst, with area ranging between 18000 and 24000 μm 2 while A3, whose volume triples that of an early blastocyst, has A≥24000 μm 2 . Again, the mean area of blastocysts within each group wasn't statistically different between implanting and not implanting blastocyst, but our analyses of the relationship between expansion and implantation between groups, showed that A1 blastocysts implant less than A2 and A3 blastocysts (IR=12.5 vs 29.7 and 33.3 p<0.05), proving the correctness of our classification Fig. 3 ICM area, TE cell number and Implantation Rate. ICM area (a) and TE cell number (b) distributions in implanted (Imp) and not implanted (No Imp) blastocysts summarized as box plots. A1, A2 and A3 are the blastocyst expansion categories. A significant difference in ICM area of implanted vs. not implanted blastocysts exists in A3 blastocysts as well as in TE cell number (*p<0,05). Box plots show the 10th, 25th, 50th (median), 75th, and 90th percentiles and outlier are plotted as individual points. Group variance was analysed by ANOVA followed by Tukey-Kramer test for comparison between multiple groups system, because positive correlation between blastocoele expansion and implantation is consistent with the data widely reported in the literature [20, 27, 29] . In this study only SET or DET with null or double implant were considered. We are aware that this inclusion criteria led to an artificial underestimation of our IVF Unit average implantation rate, since all DET transfers that ended up in an implantation failure were included in the study while DET transfers with one embryo implanted were excluded. Nevertheless our purpose was to correlate unambiguously blastocyst morphometric parameters to implantation fate. Interestingly, investigating the relationship between blastocyst expansion and patient age, we observed a negative linear relationship between patient age and time of embryonic development, and reduced blastocyst expansion seems to have a more limited implantation potential in young women compared to older ones. In fact, A1 blastocysts are frequent in aged women (≥39 years), where they represent 51.6 % of the total blastocysts formed, but tend to have a lower implantation rate when transferred to young women (18.8 % in women ≥39 years vs 10.0 % in women ≤34). So, probably, embryo development is compromised in advanced maternal age patients, but once the embryo forms it has an implantation potential. The occurrence of A1 blastocyst in younger patients may be considered a sign of a serious embryo impairment so that the embryo is not able to implant efficiently. This hypothesis should be further investigated since recent works [32] correlating embryo development and aneuploidy through timelapse system, claim that a correlation exists between embryo delayed blastulation and aneuploidy. Our small sample size does not allow to draw conclusions, though the possibility that delayed blastocysts in older women may retain a residual implantation potential could be interesting. In many IVF laboratories the ICM has been considered the most important predictor of pregnancy/live births, with the main rationale being that ICM contains the cells that will give rise to the growing fetus. In this study we measured the ICM area and correlated its dimension to outcome. The inner cell mass is a morphological feature that is not always immediately well perceived and its observation requires some adjustment of the microscope focus. For this reason, each blastocyst was photographed in a sequence of at least 4 images of different focal planes. A total of 18/124 blastocysts without an identifiable ICM was found (14.6 %), 14 of which were Area 1 blastocysts. This result confirmed the difficulty to recognize a well-defined ICM in early blastocysts, though only 14/49 early blastocysts hadn't a discernible ICM. In this study only 1 A1 blastocyst without ICM implanted (5.5 %), followed by miscarriage.
In this study, the ICM area did not seem to be a suited measure to predict the implantation potential, because, as for expansion, A ICM values were not statistically different in implanted vs. not implanted blastocysts. However when blastocysts were divided according to expansion, a significant difference appeared in A3 blastocyst category (Fig. 3a) where A ICM were significantly larger (P<0,05) with a mean value of 3122.7±739.0 μm 2 . We found that ICM area increased along blastocyst expansion (A1 2211.1±1896.3 μm 2 and A2 2949.4 ±1298.1 μm 2 ) and this might account for the discrepancy between our results and that of previous studies reporting an overall significant larger ICM in implanting blastocysts [19] . Richter and colleagues [28] didn't consider different expansion groups and our analysis showed that the proportion of A3 blastocysts considered in their study might positively influence the outcome thus inducing an overestimation of the ICM mean value.
In recent years, there was a revaluation of the importance of trophoectoderm quality in IVF outcome [20, 23] . Trophoectoderm cells develop into the placenta and their ability to invade the endometrium is the most important step not only for starting the complex process of implantation, but also for maintaining pregnancy and avoiding miscarriage [24] . In this study, trophoectoderm was evaluated as the theoretical TE cell number in the section of the focal plane of the image. As in ICM evaluation, also TE with degenerated cells or undetectable cells was considered as a null value. Blastocysts with degraded or indistinct trophoectoderm were 28 (22.6 %) mostly in Area 1 blastocysts; as in ICM evaluation, only one blastocyst gave an implant (3.6 %), followed by miscarriage. Probably because, as showed in a recent study by Alfarawati et al. [33] , embryos with poorly developed trophoectoderm had a 2.5-fold greater probability of aneuploidy than those with good trophoectoderm grade. Where it was possible to carry out the TE measurement, we observed a positive correlation between trophoectoderm cell number and outcome. In particular, in A3 blastocysts, a higher number of trophoectoderm cells indicates a greater likelihood of implantation (31.9±12.5 vs 26.2±10.7; p<0.05). The presence of many cells forming a tightly knit epithelium corresponds to the best grade of TE in Gardner's evaluation. The possible mechanisms through which a higher grade of TE is a better predictor of live births outcome may be linked to improved TE function, for example, the role of secretion of hCG. So, higher grades of TE may be translated into more hCG producing cells and higher levels of hCG lead to stronger signaling capacity of the implanting blastocysts [21, 34] .
In conclusion, our study showed that an objective evaluation of blastocyst morphology with a digital image system could be a valuable tool to select blastocysts based on quantitative parameters. In elective transfers it is preferable to choose a blastocyst with area ≥18500 μm . Interestingly the comparison of the calculated morphometric score with the morphologic one performed at the time of transfer revealed some bias of evaluation. We noticed a tendency towards an underestimation of blastocyst expansion: 4/38 blastocysts were considered A1 blastocysts while our measurements assigned them to the A2 group and 10/39 Type2 blastocysts were included in the A3 group. This could be of importance considering the difference in implantation potential of blastocysts belonging to the three categories and underlines the necessity of a standardized blastocyst parameters measurement.
One limitation of this study is the small sample size, also due to the laborious semi-automated image processing operations. The use of fully automated systems would be desirable to collect large data numbers in a fast and confident manner.
As Istanbul Consensus stated, if blastocyst morphological quality could be defined and validated [12, 13] , it could be adopted as a standard in the comparison of clinical trials. The use of well-defined algorithms for the evaluation of embryo images would allow the development of automated tools to quantitatively determine blastocyst morphological features increasing collaborative research between laboratories worldwide.
